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Abstract 
Solubility of piperazine in aqueous solutions was studied for a range of piperazine concentrations of from 17 to 70 
wt% in a commercially available reactor system LabMax (Mettler Toledo) equipped with the probes for in-situ 
monitoring of the crystals formation and dissolution using focused beam reflectance measurements (FBRM) and 
particle vision and measurements (PVM). Effect of cooling and heating rates on the phase transition temperature and 
effect of CO2 loading on solid-liquid solubility in piperazine-H2O-CO2 system were studied. It was shown that FBRM 
and PVM are very useful for studying the precipitation behavior in CO2 capture processes with phase change solvents 
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1. Introduction 
Aqueous amine solutions are widely used for the removal of acid gases (e.g. H2S, CO2) from a variety 
of gas streams. Recently phase change solvents for CO2 capture from flue gas have attracted increasing 
attention as giving a possibility to reduce energy consumption for the regeneration of solvent [1]-[4]. For 
the equilibrium-limited liquid-phase reactions between amines and CO2, the selective removal of reaction 
precipitates from the reaction mixture can induce a shift to higher pH at which higher CO2 loadings can 
be achieved. To explore possible benefits of precipitation in CO2 capture processes understanding of the 
effect of process conditions on precipitation and dissolution of the formed precipitants is necessary. To 
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prevent fouling of the equipment and solid-liquid separation problems caused by precipitates the 
morphology and size of precipitates should be controlled.  
Piperazine (Pz) was first identified as a possible promoter in solutions used for gas treating in the 
1980s [5]. Mixtures of Pz with methyldiethanolamine (MDEA) and potassium carbonate (K2CO3) 
solutions were studied as possible solvents for CO2 removal from flue gas by several authors [6]- [7]. 
Also high concentrated Pz solutions were suggested as a promising solvent by Freeman et al. [8]. 
Piperazine, a cyclic ethyleneamine with two secondary amine groups, has a high capacity to absorb 
CO2 and has been employed as a promoter to enhance the CO2 absorption rate. During the desorption of 
carbon dioxide, the concentration of piperazine will increase as CO2 is stripped off, and crystallization of 
piperazine will eventually occur if the concentration of piperazine is sufficiently high, also at conditions 
where the solutions are still partly loaded with CO2. Due to the relatively low solubility of piperazine in 
water, the concentration of aqueous piperazine utilized was generally low in order to avoid precipitation. 
However, if precipitation is allowed in the process, low solubility of piperazine makes it a potential 
candidate for the CO2 capture with phase transition (precipitating) systems.  
The low solubility of Pz has limited the amount of data available in literature for aqueous solutions of 
Pz above room temperature solubility. Previous authors have investigated the solid-liquid equilibrium 
(SLE) and reported the results in terms of the transition temperature at which phase change takes place at 
a given H2O-Pz solution. 
Bishnoi [6] and Muhammad et al. [9] measured solid solubility of piperazine by adding known 
quantity of anhydrous Pz (solid crystals) to water and shaking the solution at constant temperature 
(isothermal method). After allowing the solution to settle, the total concentration of Pz was determined by 
taking sample from the upper part of the solution and titrating it with 2N HCl solution. The authors 
studied solubility of Pz in water at temperatures from 273 K to 343K [3] and from 278 K to 343 K [9]. 
Freeman et al. [10] reports temperatures at which a liquid solution will first precipitate (transition 
temperature) when cooled slowly at (1 oC /5 min) rate for Pz concentrations between 1.0 and 40 m (8 and 
73 wt %). The authors also measured solubility of 8 m (40.2 wt%) and 10 m (45.4 wt %) Pz solutions at 
different CO2 loadings. The precipitation and dissolution points in the above mentioned works were 
observed by eye. 
Differential thermal analysis (DTA) and Differential scanning calorimetry (DSC) are other methods 
that can be used for observing phase changes. When the sample undergoes a phase change, there will be 
heat release or absorption. Hilliard [7] presented data on solid solubility of Pz measured by DSC for 
piperazine concentrations of from 0 to 77 wt%. 
The Dow Chemical Company published data for solubility of Pz [11]. The method of determination 
was not provided. 
Different from other works, the solubility of piperazine in this work was studied using the probes for 
in-situ focused beam reflectance measurements (FBRM) and particle vision and measurements (PVM). 
The FBRM method of measurement is based on a measurement of the Chord Length Distribution (CLD) 
that simultaneously tracks the rate and degree of change in particle count, dimension and shape. 
Crystallization practitioners have become increasingly interested in the FBRM. So far the FBRM has 
been used for studying crystallization process for pharmaceutical application (see for example, [12]-[14]), 
several research groups have used the method to monitor crystal size distribution on-line [12], attempts to 
exploit the measurements for control purposes have also been reported [16]-[18]. This method was not 
used yet for monitoring precipitation in CO2 capture processes.  
The temperatures at which precipitation and complete dissolution of the particles happened was 
determined from the chord length distribution measured by FBRM. Morphology of the formed particles 
was monitored with PVM. The solubility was studied for a range of piperazine concentrations from 17 to 
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70 wt % (from 2.4 to 27 mol/kg-H2O). The effect of cooling/heating rates on the transition temperature 
and the effect of CO2 loading were also studied. 
2. Experimental 
2.1. Materials 
Piperazine (CAS 110-85-0, 99 %, Acros organics) was used as received without further pufication. 
Aqueous solutions were prepared by weighting Pz and distilled deionized water. CO2 gas (grade 5.0) from  
JARA was used in the experiments. 
2.2. Experimental set-up and procedure 
The experiments were carried out using a commercially available automated reactor system LabMax™ 
(Mettler Toledo). The system provides accurate measurement and control of different process parameters, 
including temperature and pressure. Data acquisition and control is carried out via Universal Control Box 
(UCB) providing numerous standardized input and output signals to receive signals from sensors and to 
control external devices. iControl LabMax™ (Mettler Toledo) software is used for the control of the 
reactor and its peripherals, and the storage and evaluation of experimental data. The scheme of the 
experimental set-up is presented in Fig. 1. 
 
 
 
 
 
Fig. 1.  The set-up for solubility (crystallization/dissolution) study 
The reactor used in this work is a mechanically agitated glass vessel with propeller stirrer. The 
temperature in the reactor is measured with a Pt-100 thermocouple with an uncertainty of ±0.1 oC. 
Pressure is measured with a Keller Leo 300 digital pressure transmitter (0 - 30 bar range) with 10 mbar 
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resolution. The CO2 is added from CO2 cylinder with logged on temperature (Pt-100, uncertainty ±0.1 oC) 
and pressure (Keller Leo 3000 pressure transmitter, 0-30 bar range, uncertainty ± 0.1% FS). PVM and 
FBRM probes are installed on the reactor allowing in-situ monitoring of crystals growth and dissolution. 
Both probes are logged-on using software from Metter Toledo provided together with the probes. 
About 400 ml of piperazine solution preliminary dissolved by heating in a water bath at 60-65 oC was 
charged into the reactor. The solution was then subjected to a series of cooling/heating and the 
temperature at the onset of crystallization (at cooling) or completion of dissolution (at heating) was 
recorded. Precipitation and dissolution of the particles were observed using the PVM and FBRM. All data 
were recorded as function of time. The experiments were started with unloaded Pz-H2O solution then CO2 
was added in several steps to study the effect of CO2 loading. The amount of CO2 loaded into the 
solutions was calculated from the pressure drop in a CO2 cylinder using the Peng-Robinson equation of 
state.  
FBRM was used in this work for in-situ monitoring of chord length distribution (CLD): start of 
precipitation (formation of the crystals) as well as complete dissolution (disappearance of the crystals) 
may be clearly seen on the FBRM curves. PVM provides in-situ microscopy images to characterize 
particles IURPȝP to 1mm size in concentrations up to 40% solids and higher. 
A saturated solution is in thermodynamic equilibrium with the solid phase at a specific temperature. It 
is often easy, however, e.g. by cooling a hot concentrated solution slowly to prepare solutions containing 
more dissolved solid than that represented by equilibrium saturation. Such solutions are said to be 
supersaturated.  At a certain supersaturation, spontaneous nucleation occurs [19]. It may be clearly seen 
from the example of online data presented in Fig.2.  A smooth cooling curve is followed until a phase 
change takes place, when the accompanying heat effects cause a change in slope. FBRM trend (0-ȝP
fraction) shows clearly that crystallization takes place at this point. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. En example of on-line curves during cooling and heating for 30 wt % piperazine solution. Lines: ͸(solid), number of counts 
for the particles size 1-23 ʅm (FBRM); - - - (dashed), reactor temperature. 
After spontaneous crystallization, the cooling was stopped to avoid solidification of the mixture in the 
reactor (at high Pz concentrations), and the solution was heated to the temperature about 10 oC higher 
than the temperature of dissolution. It may be seen from the Fig. 2 that the solution remains at almost 
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constant temperature for some time then the temperature of the solution increases. Complete 
disappearance (dissolution) of particles is seen on FBRM curve. 
Pictures of crystals were taken with PVM during the experiment. Some examples are presented in the 
following paragraphs. 
3. Results and Discussion 
3.1. The effect of cooling and heating rates 
Cooling/heating rates may have an effect on the measured phase transition temperature [16]. Therefore 
experiments with different rates have been done for 17.2, 25.8, and 34.5 wt% (2.4, 4.1, and 6.1 m) Pz 
solutions. The results are presented in Table 1. Each data point in the Table 1 is an average value from 3 
or more parallel measurements. 
It may be seen from the Table 1 that except for the crystallization temperatures for 17.2 wt % Pz 
solution, the transition temperatures at different cooling/heating rates vary within 1 % from the average 
for the studied rates. It was assumed therefore that within the studied range and for the system studied in 
this work, the heating and cooling rates have no effect on the transition temperature and the rate of 2 
C/min was selected for further experiments.  
It was also was observed that slightly different degree of super-saturation takes place in this system at 
cooling. Due to it, the transition temperatures at cooling are not reliable. Therefore the temperature of 
dissolution at which all particles are dissolved is reported in this work.  
Table 1. Solid solubility of Pz at different cooling/heating rates 
Concentration 
wt % 
Cooling/Heating 
rate, C/min 
Transition temperature, oC AARDa, % 
cooling heating cooling heating 
17.2 0.5 20.4 26.1 2.48 0.02 
1.0 23.3 26.5 1.08 1.00 
2.0 22.0 26.1 1.17 0.51 
25.8 0.5 33.1 34.7 0.13 0.18 
1.0 33.3 34.9 0.33 0.58 
2.0 33.4 34.8 0.45 0.17 
34.5 0.3 38.9 40.1 0.02 0.03 
0.5 38.8 39.3 0.02 0.37 
1.0 39.0 39.6 0.06 0.15 
2.0 39.0 39.5 0.05 0.06 
aAARD – absolute average relative deviation from the average value 
3.2. The effect of piperazine concentration 
Dissolution temperatures of piperazine in water measured in this work are presented in Fig. 3. The 
results from this work agree well with the data from literature. The dissolution temperature increases with 
the increasing concentration until a peak at around 42 wt %. After that an eutectic point at around            
60 wt % piperazine (61.5 wt %  according to Dow, 2001) is observed.  
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Fig. 3. Dissolution temperatures of piperazine at different concentrations 
Such a change in the dissolution temperature may be explained by different composition of the crystals 
formed in the system at different piperazine concentrations. Pictures taken with PVM support this.  
Crystal images taken for 34.5 wt% Pz-H2O solution are shown in Fig. 4. It may be seen that very small 
cube-form crystals are formed which agglomerate and form larger crystals. 
 
                                       a                                                                                 b 
Fig. 4. PVM pictures of crystals in 34.5 wt% Pz-H2O solution taken within 1 min (a) and in 4 min (b) after crystallization start. 
Similar morphology was observed for solution containing up to 40 wt % piperazine. The precipatant 
formed at these concentrations was very dense and is believed to be a hexahydrate form of piperazine.  At 
higher concentration the crystals formed had different morphology and believed to be an anhydrous form 
of piperazine. The precipitant at these concentrations consisted of separate flakes not sticking to each 
other. Besides, the morphology of crystals changed over time, as shown in Fig. 5 on the example of 
solution with 61.5 wt % piperazine concentration.  
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                                          a                                                                               b 
Fig. 5. PVM pictures of crystals in the 61.5wt% piperazine solution: within 1 min (a) and in 4 min (b) after crystallization start. 
It may be seen from Fig. 5a, that needle-shape crystals are dominating in the beginning of 
crystallization at this concentration. Also flat rhomb-shape crystals are formed after the needles. As may 
be seen also from Fig. 5b the needles disappear after few minutes and only flat rhomb-shaped crystals are 
observed.  
FBRM spectra also showed that crystals of difference size are formed during the precipitation from the 
solutions with different piperazine concentrations at the same cooling rate. It may be seen from Fig. 6, 
that more of the larger particles are formed at crystallization in 61.5 wt% piperazine solution compared to 
34.5 wt % solution. This is confirmed also by PVM data. PVM pictures of the crystals in 34.5 and 61.5 wt 
% piperazine solutions corresponding to the FBRM spectra in Fig. 6 are shown in Fig. 7. 
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Fig. 6. FBRM spectra of solids precipitated in Pz-H2O solutions:  in 34.5 and 61.5wt% Pz-H2O solutions. Lines: ͸(solid), 34.5 wt 
%; - - - (dashed), 61.5 wt %. 
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                                         a                                                                                  b           
Fig. 7. PVM pictures of crystals in 34.5 (a) and 61.5 wt % (b) piperazine solutions corresponding to FBRM spectra in Fig. 6.  
3.3. The effect of CO2 loading 
The effect of CO2 loading on the shape and size variation of precipitates from piperazine aqueous 
solutions was also studied for 40-70 wt % piperazine solutions at CO2 loading up to 0.4-0.43 mol-
CO2/mol-Pz (0.56 mol-CO2/mol-Pz for 50 wt% solution). It should be noted that due to limitations in the 
cooling capacity of the set-up (tap water used for cooling), it was not possible to run experiments at very 
low temperature, i.e. at higher loadings. The data from this work are presented in the Table 2. All 
measurements were done in duplicates, absolute average relative deviations between parallel 
measurements are given. The data for 40 and 45 wt % solutions are compared with the data from Freeman 
et al. [10] in Fig. 8. 
Table 2. Solid-liquid dissolution temperatures in Pz-H2O-CO2 system at different piperazine concentrations. 
Loading, 
mol-CO2/mol-Pz 
T, 
oC 
AARD, 
% 
Loading, 
mol-CO2/mol-Pz 
T, 
oC 
AARD, 
% 
Loading, 
mol-CO2/mol-Pz 
T, 
oC 
AARD, 
% 
40 wt % 45 wt % 50 wt % 
0 42.7 0.55 0 44.3 0.93 0 42.2 0.30 
0.04 41.6 0.44 0.10 41.9 0.05 0.09 40.5 0.06 
0.19 37.8 0.08 0.18 38.6 0.12 0.19 38.13 0.20 
0.33 32.5 0.37 0.27 35.7 0.36 0.29 36.9 0.16 
0.43 26.6 0.04 0.35 31.5 0.12 0.38 33.2 0.17 
 0.40 28.9 0.64 0.47 29.4 1.69 
  0.56 22.4 0.83 
55 wt % 61.5 wt % 70 wt % 
0 38.9 0.04 0 39.7 1.48 0 55.8 0.30 
0.09 36.9 0.09 0.10 35.7 0.75 0.08 55.8 0.75 
0.17 35.4 0.79 0.20 28.1 0.20 0.16 58.0 0.20 
0.26 32.7 0.16 0.30 25.3 0.46 0.28 42.0 0.46 
0.40 26.9 0.67 0.39 22.9 0.61 0.36 30.7 0.61 
(b) (c) 
80   Inna Kim et al. /  Energy Procedia  23 ( 2012 )  72 – 81 
 
0
10
20
30
40
50
60
0 0.1 0.2 0.3 0.4 0.5 0.6
Tr
an
si
tio
n 
te
m
pe
ra
tu
re
, o
C
Loading, mol-CO2/mol-Pz
40.2 wt% (Freeman et al., 2009)
45.4 wt%  (Freeman et al., 2009)
40 wt % (This work)
45 wt% (This work)
61.5 wt% (This work)
70 wt% (This work)
 
Fig. 8. Effect of CO2 loading on dissolution temperature in Pz-H2O-CO2 systems. 
 
As expected the lowest dissolution temperatures were measured for 61.5 wt % piperazine solution. It 
may be seen from Fig. 8 that solubility in 70 wt % piperazine solution remains constant below loading of 
0.2 mol-CO2/mol-Pz then it increases quickly. The trend for 61.5 wt % solutions shows different behavior 
compared to other curves slowly flattening out after the loading of about 0.3 mol-CO2/mol-Pz. The data 
show also that 50 wt% piperazine solution has the lowest solubility after the loading of 0.3 mol-CO2/mol-
Pz. 
PVM data showed that the shape of the crystals does not change much after reaction with CO2. 
However, it was observed that in the size of the particles becomes in general smaller with higher loadings 
that also explain the lower dissolution temperatures in the studied solutions at higher loadings. 
4. Conclusions 
Solid-liquid solubility was measured in this work for aqueous piperazine soluitions over concentration 
range of from 17 to 70 wt % using in-situ probes for of chord length distribution measurements (FBRM) 
and microscopic imaging.  
The effect of cooling/heating rate of phase transition temperature was studied for 17.2, 25.8, and 34.5 
wt% and was found to have little effect for the studied system within the range of cooling rates (0.25-2 
oC/min) used in this work.  
Effect of CO2 loading was studied for high concentration piperazine. Data from this work agree well 
with the data found in the literature.  
The study shows that PVM and FBRM give an important information on systems with high solid 
concentrations and may be used for studying crystallization behavior in CO2 capture systems with phase 
change solvents 
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